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ABSTRACT 
Adsorption and diffusion of Mg atom on the monolayer black phosphorus (P) and its 
structural stability with the increasing Mg concentrations were investigated using density 
functional theory. The adsorption energy was -1.09 eV for the Mg adsorbed on the monolayer 
black P. The Mg ions showed an anisotropic diffusion behavior on the monolayer black P with 
diffusion barriers of 0.08 and 0.57 eV along the zigzag and armchair directions, respectively. 
The monolayer of black P can keep the lattice structure stable forming as the Mg0.5P. These 
results proved that the monolayer black P can be used as a potential anode for Mg ion 
batteries.   
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1. Introduction 
Graphite has been successfully used as the anode for commercial lithium ion batteries (LIBs) 
for the portable electronic devices, however, its low capacity of 371 mAh·g-1 [1-4] cannot 
satisfy the demand of the LIBs with large capacities required in the large-scale high-power 
systems such as the plug-in hybrid electric vehicle (PHEV) or plug-in electric vehicle (PEV). 
It was reported [5] that the capacity of graphite can be greatly increased to 740-780 mAh·g-1 
by reducing the dimension of graphite to the two-dimensional graphene. Currently, the other 
two-dimensional materials such as MoS2 [6], V2O5 [7] have also received much attention to 
be used as electrode materials for the LIBs. Two dimensional MoS2 is a promising material 
for the LIBs with a large reversible storage capacity of 1290 mAhg-1 and a charge-carrier 
~200 cm2V-1s-1 [8]. The electro-chemical performance of the MoS2 can be further improved 
by introducing defects into the monolayer [9]. The drawback of employing the MoS2 as 
anodes for the LIBs is its intermediate lithiation voltages (1.1-2.0 V vs. Li/Li+, depending on 
the degree of lithiation) [10]. Recently, the monolayer black P has been successfully 
synthesized [11, 12], which shows some prominent properties, such as a long cycle life, 
anisotropic electric conductance, and high-rate capability, etc., which are suitably used as 
anode materials for rechargeable ion batteries [13]. 
Bulk black P has been tested for the anode material for the LIBs by Park and Sohn in 2007 
[11]. Their experimental results showed that the bulk black P initally had a high storage 
capacity of 1279 mAh·g-1 for the LIBs, but it faded to 220 mAh·g-1 after 30 cycles. In addition, 
the layered structure of black P tended to be fractured upon lithiation [11]. The structural 
changes and stress generation upon lithiation can be modified by using flexable anode 
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materials, such as two-dimensional (2D) thin films [14]. The monolayer black P which was 
successfully fabricated by Lu et al. [15] shows excellent physical properties including high 
free-carrier mobility (about 1000 cm2V-1s-1), which is much better than that of the MoS2. The 
monolayer black P can also be used as a potential anode material for rechargable ion batteries 
[16]. Zhao et al. [17] reported that monolayer black P has a large storage capacity of 432.79 
mAh·g-1 with small volume changes. Li et al. [18] reported that diffusion barrier of Li on the 
monolayer black P was lower than 0.4 eV and a charge capacity of 216 mAh·g-1 was obtained. 
Kulish et al. [19] reported that the theoretical specific capacities of monolayer black P were 
433-865 mAh·g-1 when it was used as the anode material for sodium ion batteries. The 
diffusion behavior of Na on the monolayer black P shows anisotropic characters with a 
smallest energy barrier of 0.04 eV and a high energy barrier of 0.38 eV [19]. The hybrid 
structure of monolayer black P and graphene could greatly enhance the cycle life of the 
batteries [20]. Sun et al. [21] demonstrated that black P-carbon composite has a high initial 
discharge capacity of 2786 mAh·g-1 at a rate of 0.2 C and even with 80% capacity retention 
after100 cycles. 
Although the LIBs has been widely used in the portable electronic devised, yet the energy 
density and cycle life of the LIBs cannot satisfy the large demands of electric vehicles and 
renewable energy storage along with their potential safety issues, high cost, and resource 
scarcity [22, 23]. As Mg have the similar atomic radius and chemical properties of Li, Mg-ion 
batteries (MIBs) are considered to be an alternative choice to the LIBs with high energy 
storage and conversion capacities. Due to the bivalency of Mg ion, its specific volumetric 
capacity is 3833 mAh·cm-3, which is much higher than that for the Li ones (2046 mAh·cm-3)  
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[24]. Mg is a benign and abundant metal being the 5th most abundant element in the earth’s 
crust [25]. And it is stable enough in ambient atmosphere for handling and electrode 
preparation processes, thus it is safer than Li. It is urgent to find suitable anode materials for 
the MIBs using the similar intercalation chemistry of LIBs. In this work, we investigated the 
possibility of monolayer black P being used as the anode material for the MIBs, in terms of 
the adsorption and diffusion of Mg atoms on monolayer black P using the first-principle 
calculations.  
 
2. Simulation and Calculations  
The density functional theory (DFT) as implemented within the SIESTA code [26] was 
used for all the simulations. The generalized gradient approximation (GGA) with the 
Perdew-Burke-Ernzerhof (PBE) functions was used to describe the electron exchange 
correlation term [27, 28]. The interactions between the core electrons and valence electrons 
were described using norm-conserving pseudo-potentials [29]. The valence electrons were 
expanded using a double-ζ basis set plus polarization functionals (DZP) [30]. Ionic 
coordinates were fully relaxed until the residual forces were below 0.01 eV/Å. For calculating 
the self-consistent Hamiltonian matrix elements, the charge density was projected on a real 
space grid with a cutoff of 200 Ry. To model the monolayer black P, a separation of 20 Å was 
used to avoid the interactions between periodical imagine layers. All the calculations were 
performed with 11×11×1 k-point sampling for the Brillouin zone integration of the 
Monkhorst-Pack scheme [31]. 
For simulating Mg adsorption on the monolayer black P with different Mg concentrations, 
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models including 2×2×1 and 3×3×1 supercells were used. The formation energy P)(Mgform xE  
was calculated using the following equation:  
xxEEE xx )/)P(P)(Mg(P)(Mg Mgform m−−=                      (1) 
where P)(MgxE  and )P(E  are the total energies of monolayer black P with and without Mg 
atoms adsorption, respectively; x is the concentration of Mg atoms; Mgm is the chemical 
potential of magnesium. 
 
3. Results and discussion 
The obtained lattice constants for the monolayer black P are a=3.32 and b=4.40 Å, which 
agree with other simulation results of a=3.32 and b=4.57 [18]. There are two possible 
adsorption positions for Mg on the monolayer black P for the symmetry of the geometric 
structure, i.e. the H site which is above the center of triangle structure composed of three P 
atoms on the surface, and T site which is above the top of one P atom, as shown in Fig. 1. The 
adsorption energy ( adE ) for Mg adsorbed on the monolayer black P was calculated using
nEnEEE /)( PMgPMgad −−= + , where PMg+E  and PE  are the total energy of monolayer black 
P with and without Mg adsorption, MgE  is the energy of an isolated Mg atom, n is the 
number of adsorbed Mg atoms adsorbed. It was found that the T site is not a stable position 
for Mg adsorption, and the Mg atom will move from the T site to the H site after relaxation. 
The Mg atom prefers to be adsorbed at the H site with adsorption energy of -1.09 eV with 
3×3×1 supercell. The same phenomenon was observed for other atoms adsorbed on the 
monolayer black P, such as Li [32] and Na [19]. Larger supercell with 5×5×1 supercell does 
affect the adsorption energy of Mg on the monolayer black P, indicating that the 3×3×1 
5 
 
supercell is enough to be used to model the adsorption of Mg on monolayer black P. The 
average open circuit voltage [33] calculated for Mg intercalation on monolayer black P was 
about 0.89 V. The optimized structures of Mg adsorbed at the H site are shown in Fig. 1(c) 
and (d). The bond lengths of nearest-neighbor Mg-P for the Mg adsorbed at H sites are 2.66, 
2.78 and 2.78 Å, respectively. The optimized atomic structures of Mg adsorbed at the T site 
are shown in Fig. 1(e) and (f), with Mg-P bond length of 2.78 Å. 
The charging rate performance of the MIBs is strongly dependent on the diffusion rate of 
Mg ions within the anode materials, so the diffusion behavior of Mg atoms on monolayer 
black P surface was simulated using the constraint model [9]. The Mg was pushed along the 
diffusion path, but was not allowed to relax along the diffusion path, and it was allowed to 
relax perpendicular to the direction of the path. Two diffusion paths were investigated for the 
Mg on the monolayer black P as shown in Fig. 2. One of the diffusion paths for Mg mobility 
on monolayer black P is along armchair direction as shown in Fig. 2(a), and the other one is 
along zigzag direction as shown in Fig. 2(b). The two diffusion paths have been used for 
clarification of the Li and Na diffusion mechanisms [19, 34]. The energy barriers are 0.57 and 
0.08 eV for the Mg diffusion along the armchair and zigzag directions (shown in Fig. 2(c)), 
respectively. The calculated ratio between energy barriers in the orthogonal directions is equal 
to 71/ ArmchairZigzag ≈EE . The Mg mobility along the zigzag direction on the monolayer black P 
was estimated to be much faster than that along the armchair direction. The anisotropy 
diffusion behavior has been found for the diffusion of Li and Na [18, 35] on the monolayer 
black P. The diffusion anisotropy is mainly due to the non-flat and puckered structure of the 
monolayer black P. The high anisotropy diffusion behavior with a low diffusion barrier result 
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in black P to be a unique fast Mg-diffusion channel which has not been reported in other 
two-dimensional anode materials, such as MoS2 and graphene [16]. With such a low energy 
barrier existed along the zigzag direction, the monolayer black P is a potential 
two-dimensional anode material for the fast charging/discharging of MIBs. 
Safety is major important issue for the development of MIBs. The safety of MIBs is mainly 
related to the structure stability of electrode materials. So the structural stability of monolayer 
black P with the increasing concentrations of Mg insertion was investigated. The formation 
energies of MgxP were calculated using equation (1). The stability of the studied MgxP phases 
can be evaluated from their formation energies. The formation energies are negative, 
suggesting that Mg-P nanostructures are stable, as a higher absolute value of formation 
energies means a better structural stability. As shown in Fig. 3, the formation energies for 
Mg-P increases with the increase of the Mg concentrations, indicating that the structure 
gradually becomes instable. The atomistic configurations for the MgxP compounds (x=0.0625, 
0.125, 0.25, 0.5) are shown as inset of Fig. 3. The Mg atoms prefer to stay at H sites as x<0.5, 
and Mg atoms occupy the center sites above the hexagons as x=0.5 with Mg-Mg bond length 
of 2.75 Å. With the highest concentration (x=0.5) for single-side Mg adsorption, the 
calculated formation energy is -1.31 eV, indicating that the Mg-P nanostructure is remarkably 
stable. As monolayer black P is a two-dimensional material, we used the evolution of area to 
character the volume expansion upon intercalating. The volume evolution as a function of Mg 
content is shown as inset in Fig. 3. There is little decrease of the volume for low Mg 
concentration; the volume expansion is ~11.0% for Mg0.5P. The crystal deformation and 
expansion caused by Mg atoms insertion are relatively small. Based on the above results, it 
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can be concluded that the unique features of monolayer black P could be used as a potential 
anode material for the Mg-ion batteries. 
   
4. Conclusion 
In this paper, the adsorption and diffusion of Mg on the monolayer black P and its structural 
stability with the increasing concentrations of Mg adsorption were studied by using the 
density function theory. Result showed that the Mg atom prefers to occupy the H site with 
adsorption energy of -1.09 eV. The Mg shows anisotropy diffusion behavior on the monolayer 
black P with diffusion barriers of 0.08 and 0.57 eV along the zigzag and armchair directions, 
respectively. The monolayer of black P can keep the structural stability with Mg coverage to 
Mg0.5P. The monolayer black P was proven to be a promising two-dimensional anode material 
for the MIBs.  
 
Acknowledgement: 
This work was financially supported by the National Natural Science Foundation of China 
(11474047). Funding support from the UoA and CAPEX from Northumbria University at 
Newcastle, and Royal academy of Engineering UK-Research Exchange with China and India 
is acknowledged. This work was carried out at National Supercomputer Center in Tianjin, and 
the calculations were performed on TianHe-1(A). 
 
Compliance with Ethical Standards: 
Funding: This study was funded by National Natural Science Foundation of China (11474047) 
8 
 
and Royal academy of Engineering UK-Research Exchange with China and India. 
Conflict of Interest: The authors declare that they have no conflict of interest. 
 
References: 
[1] Fan X, Zheng WT, Kuo JL (2012) Adsorption and diffusion of Li on pristine and defective graphene. ACS 
Appl Mater Inter 4:2432-2438. 
[2] Chen Q, Nuli YN, Guo W, Yang J, Wang JL, Guo YG (2013) PTMA/graphene as a novel cathode material 
for rechargeable magnesium batteries. Acta Phys-Chim Sin 29:2295-2299 
[3] David L, Bhandavat R, Singh G (2014) MoS2/graphene composite paper for sodium-ion battery electrodes. 
Acs Nano 8:1759-1770 
[4] Zhu JP, Duan R, Zhang S, Jiang N, Zhang YY, Zhu J (2014) The application of graphene in lithium ion 
battery electrode materials. Springer Plus 3:585. 
[5] Chen KF, Song SY, Liu F, Xue DF (2015) Structural design of graphene for use in electrochemical energy 
storage devices. Chem Soc Rev 44:6230-6257. 
[6] Nasr Esfahani D, Leenaerts O, Sahin H, Partoens B, Peeters FM (2015) Structural transitions in monolayer 
MoS2 by lithium adsorption. J Phys Chem C 119:10602-10609. 
[7] Wang Z, Su Q, Deng H (2013) Single-layered V2O5 a promising cathode material for rechargeable Li and 
Mg ion batteries: an ab initio study. Phy Chem Chem Phys 15:8705-8709. 
[8] Xu B, Wang L, Chen HJ, Zhao J, Liu G, Wu MS (2014) Adsorption and diffusion of lithium on 1T-MoS2 
monolayer. Comp Mater Sci 93:86-90. 
[9] Sun X, Wang Z, Fu YQ (2015) Defect-mediated lithium adsorption and diffusion on monolayer 
molybdenum disulfide. Sci Rep 5:18712. 
[10] Stephenson T, Li Z, Olsen B, Mitlin D (2014) Lithium ion battery applications of molybdenum disulfide 
(MoS2) nanocomposites. Energy Environ Sci. 7:209-231. 
[11] Park CM, Sohn HJ (2007) Black phosphorus and its composite for lithium rechargeable batteries. Adv 
Mater 19:2465-2468. 
[12] Brent JR, Savjani N, Lewis EA, Haigh SJ, Lewis DJ, O'Brien P (2014) Production of few-layer 
phosphorene by liquid exfoliation of black phosphorus. Chem Commun 50:13338-13341. 
[13] Buscema M, Groenendijk DJ, Blanter SI, Steele GA, van der Zant HS, Castellanos-Gomez A (2014) Fast 
and broadband photoresponse of few-layer black phosphorus field-effect transistors. Nano Lett 14:3347-3352. 
[14] Zhao K, Tritsaris GA, Pharr M, Wang WL, Okeke O, Suo Z, Vlassak JJ, Kaxiras E (2012) Reactive flow in 
silicon electrodes assisted by the insertion of lithium. Nano Lett 12:4397-4403 
[15] Lu WL, Nan HY, Hong JH, Chen YM, Zhu C, Liang Z, Ma XY, Ni ZH, Jin CH, Zhang Z (2014) 
Plasma-assisted fabrication of monolayer phosphorene and its raman characterization. Nano Res 7:853-859 
[16] Han Liu ATN, Zhen Zhu, David Tománek, and Peide D. Ye (2014) Phosphorene: A unexppored 2D 
semiconductor with high hole mobility. Acs Nano 8:4033-4041. 
[17] Zhao S, Kang W, Xue J (2014) The potential application of phosphorene as an anode material in Li-ion 
batteries. J Mater Chem A 2:19046-19052. 
[18] Li Q-F, Duan C-G, Wan XG, Kuo J-L (2015) Theoretical prediction of anode materials in Li-ion batteries 
on layered black and blue phosphorus. J Phys Chem C 119:8662-8670. 
[19] Kulish VV, Malyi OI, Persson C, Wu P (2015) Phosphorene as an anode material for Na-ion batteries: A 
9 
 
first-principles study. Phys Chem Chem Phys 17:13921-13928. 
[20] Guo GC, Wang D, Wei XL, Zhang Q, Liu H, Lau WM, Liu LM (2015) First-principles study of 
phosphorene and graphene heterostructure as anode materials for rechargeable Li batteries. J Phys Chem Lett 
6:5002-5008. 
[21] Sun J, Zheng G, Lee HW, Liu N, Wang H, Yao H, Yang W, Cui Y (2014) Formation of stable 
phosphorus-carbon bond for enhanced performance in black phosphorus nanoparticle-graphite composite battery 
anodes. Nano Lett. 14:4573-4580. 
[22] Aurbach D, Gofer Y, Schechter A, Chusid O, Gizbar H, Cohen Y, Moshkovich M, Turgeman R (2001) A 
comparison between the electrochemical behavior of reversible magnesium and lithium electrodes. J Power 
Sources 97-8:269-273. 
[23] Amine K, Kanno R, Tzeng YH (2014) Rechargeable lithium batteries and beyond: Progress, challenges, 
and future directions. MRS Bull 39:395-405. 
[24] Yoo HD, Shterenberg I, Gofer Y, Gershinsky G, Pour N, Aurbach D (2013) Mg rechargeable batteries: An 
on-going challenge. Energ Environ Sci 6:2265-2279. 
[25] Massé RC, Uchaker E, Cao G (2015) Beyond Li-ion: Electrode materials for sodium- and magnesium-ion 
batteries. Sci China Mater 58:715-766. 
[26] Slusarski T, Brzostowski B, Tomecka D, Kamieniarz G (2010) Application of the package siesta to linear 
models of a molecular chromium-based ring. Acta Phys Pol A 118:967-968. 
[27] Kresse G, Furthmuller J (1996) Efficiency of ab-initio total energy calculations for metals and 
semiconductors using a plane-wave basis set. Comp Mater Sci 6:15-50. 
[28] Kresse G, Joubert D (1999) From ultrasoft pseudopotentials to the projector augmented-wave method. Phys 
Rev B 59:1758-1775. 
[29] Troullier N, Martins JL (1991) Efficient pseudopotentials for plane-wave calculations. Phys Rev B 
43:1993-2006. 
[30] DanielWDrumm AB, Manolo C Per, Salvy P Russo and Lloyd C L Hollenberg (2013) Ab initio calculation 
of valley splitting in monolayer δ-doped phosphorus in silicon. Nanoscal Res Lett 8:111. 
[31] Pack JD, Monkhorst HJ (1977) Special points for brillouin-zone integrations-reply. Phys Rev B 
16:1748-1749 
[32] Li W, Yang Y, Zhang G, Zhang YW (2015) Ultrafast and directional diffusion of lithium in phosphorene for 
high-performance lithium-ion battery. Nano Lett 15:1691-1697. 
[33] Shi J, Wang Z, Fu YQ (2015) Density functional theory study of diffusion of lithium in Li-Sn alloys. J 
Mater Sci 51:3271-3276. 
[34] Yao Q, Huang C, Yuan Y, Liu Y, Liu S, Deng K, Kan E (2015) Theoretical prediction of phosphorene and 
nanoribbons as fast-charging Li ion battery anode materials. J Phys Chem C 119:6923-6928. 
[35] Liu X, Wen Y, Chen Z, Shan B, Chen R (2015) A first-principles study of sodium adsorption and diffusion 
on phosphorene. Phys Chem Chem Phys 17:16398-16404. 
 
 
  
10 
 
Figure captions: 
 
Figure 1: (a) Side view and (b) top view of possible adsorption sites of Mg in monolayer 
black P (H and T sites). (c) Top and (b) side view of that relaxed structure of Mg atom 
adsorbed on the H-site of monolayer black P. 
 
Figure 2: Diffusion paths along (a) armchair direction and (b) zigzag direction. (c) The 
energy barrier profile of Mg diffusion on monolayer black P.  
 
Figure 3: The formation energies as a function of Mg concentrations.  
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